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I the undersigned, being an officer duly authorised in accordance with Section 74(1) and (4) 
of the Deregulation & Contracting Out Act 1994, to sign and issue certificates onbehalf of the 
Comptroller-General, hereby certify that annexed hereto is a true copy of the documents as 
originally filed in connection with the patent application identified therein. 

I also certify that the attached copy of the request for grant of a Patent (Form 1/77) bears an 
amendment, effected by this office, following a request by the applicant and agreed to by the 
Comptroller-General. 

In accordance with the Patents (Companies Re-registration) Rules 1982. if a company named 
in this certificate and any accompanying documents has re-registered under the Companies Act 
1980 with the same name as that with which it was registered immediately before re- 
registration save for the substitution as, or inclusion as, the last part of the name of the words 
"public limited company" or their equivalents in Welsh, references to the name of the company 
in this certificate and any accompanying documents shall be treated as references to the name 
with which it is so re-registered. 

In accordance with the rules, the words "public limited company" may be replaced by p.l.c, 
pic, P.L.C. or PLC. 

Re-registration under the Companies Act does not constitute a new legal entity but merely 
subjeflUhe company to certain additional company law rules. 
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APPARATUS AND METHOD FOR FORMING MATEItlALS 
Techniial Field 

This invention letaties to an flfftaitttus and in^^ for fDimii^ extciuled material, smk 
as filaments, fibres^ ribljons, sheets or otbor soKd products, fiom a liquid soluUon, such as a 
polym^ solution 0»ldch tens includes a ptotdn soluticHi or cdlnlose solution). 



10 



BackEmjn nd Art 



Methods of fH-oduoing filaments or fibres gave been known in die art for a long time. 
For example, spinning tecimiques are used to produce filMSCS from polymer solotiois. BriHsli : 
patent specification GB-A-441 440 (ZiegrHar) discloses osne teebitique in which filaments axe 
prodwoed by passing a Uquid raw material throngh a porous porcelain tube. Tbe filaments 
15 emerge from the end of the porous porcelain tube in tins disdosme. An opeiative medium is 
tntn>diiced into tiie porous poreelairi tube through the pores of fiie tube. 

There is CutrenUy considerable interest in the development of improved processes and 
apparatus to enable the manufacture of polymer filaments, fibres, ribbons or steets. It is 

20 theoretically possible to obtain materials with high tensile strength and touglmess by 
engineering the orientation of the polymer molecules and the way in which they intercMit vrith 
one another. Strong, ton^i filaments, fibres oi ribbons are usefiil in their own right for the 
manufacture, for eacaraple, of sutures, threads, cords, ropes, wound or woven materials. They 
can also be incorporated into a matrix with or without other filler particles to produce tongh 

25 and resiliemt composite materials. Sheets whetbear fcimed from fibres or ribbons can be stuck 
tc^ether to form tough laminated ccmiposites. 

Natural dlks are fine^ luf^tonus filaments produced by the silk-worm Bombyx mori and 
ote invertebrate spectes. Hicy offer advantages compared witii the synflietic polymers 
30 cmrenfly used for die manufacture of materials. The tensile strength and tougjuiess of the 
didglinB silks of certain spiders can exceed that of KevlerTM, toughest and strongest man- 
fibre. Spider dragline silks also possess high thermal stabiUty. Many silks arc also 
biode^iradable and do not persist \xt the environment They ate nwg^lablc and are produced by 
a highb^ efficient low pxessure and low temperature process usiftg only water as a solvonl. The 
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a tough and highly insoluble materiaL 

^^"^^ *°^^'^l««>y^ MagosW.Y.Magashi.l^ A. Becker and RN^^ 

Polymeric Mat^'al., Encyclopedia, by the Chemical Rubber Company, it is .^ported that 
natu^ silk, src p«,d«ced by sophisticated ^innina techmque. ^ cannot yet be 
dupliisated by maiMziade sphmtng Uschnologies. 

10 Fft^res produced by existing tecb^ological j^roce.^ and apparatus suffer from th. 

following disadvantages. Many show "die s^vell" wWch leads to some loss of molecular 
onermion with a consequent degradation of mechanical p«^erties. Purthennotc. existing 
processes an: not energy ei^lcient, x^quidng high tempeintures and p««s«« to mU«« the 
viscosity of the feedstock so that it can he forced trough a die. Separate stages are often 
requued, for example for forther "draw-do^", to anneal the fibre vritb heat, and to process it • 
through separate add or alkaHne fxeatment baths. 

One e^plc of an improved method for producing fibres is kno^ ftom Earopean . 
Patent Application E^-A-O 656 433 (Piltralion Sy^s. Ibc. and Japan Steel VoAs, Ltd.) 
Which a no^le plate wi& a ph«ality of spinning holes. This document feib. however ' 

to address Ihe problem of die sweU ^ch oecu« when d« ^ fibre or filament emer^ 
fiom the exit of the nozzle pttete. 

Summarv i^f the Invenria" 

There is themfoie a need to improve the mechanical properties of fihnss. 

'^*««'«*^errno« a need to improve the eneisyeffid^ 
producing the Sbrvs. 

TT«t« tsy^aftrtiierneed to snnplify the extrusion appa«^ 

These and other Objects of the inverition are solved lypn^i^ 
least one tubular pass^a though which a cor* rnatedal i. extn^ 
matenal forms the coxe of .he a««. in operation, the core mmerM is dm^«a down 
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tabular passage at a distance, of at least 0.5 mm from the ovset exit opening of the tubular 
passage* This has the advantage over exisfixig extrusion apparatus in flial the distortion of 
moleculBr allgqma:]t due to die swell is avoided. Furdiennoire, the last part of the tubular 
p^ss^e is lubricsOed by water due to Ihe piesence of a solveni-^ch phase surrounding the 
5 drawn down fibie and thus the pressure required lo form the moteriid is substantially reduced. 

In a fiirflier object of the invention, there is a need to produce a fibre wilfa an inner 
core and an outer coating. This olgect of die mvenliQQ is solved by providing a secc»d tabular 
passage disposed about the fir^ tubular passage. A coatiiig Tnate»rial Is extruded through the 
10 second tubular passage and is dnmn down within the second tubular passage to &im a 
ooatiiig about the core Tnaterial. The coating can provide the fibre wMi fiiriher advant^eous 
fjp^hsmPiAl and other properties. 

In one aspect of the inventicm, a component of the core material or the coating malarial 
15 in an initial zone <rf the first tubular passage or the second tubular passage fenrns rod-diape 
units that are substantially perpendicular to the internal surface of flie first tabular passage 
and/or the second tubular passage. 

In anothei' aspect of the invention, a component of the core cMtterial in a subsequent 
20 zone of the firet tubular passage or the second tubular passage has rod-shaped units which 
tumble within the first tubular passage and/or the second tubular passage. The tumbling 
rod-shaped units aid in the drawn-down process. 

The extrusion apparatus is provided with a ridged surface on an ulterior wall of the 
25 fitst tubular passage and/or the second tubular passage in order to fiirthCT improve the draw- 
down process. The hei^ of the ridges on the ridged surface are preferably less than 10% 
than the diameter of first tubular passage and/or the second tubular passage. Best results are 
produced when the ridged surface coating has a sur&ce cnexigy lower 1iian flie surface energy 
of the core material. The ridges on the ridged sur&ce are substanHally continuous and are 
30 sabstandally oriented parallel to the long axis of the tubular passages. The ridges are 
preferably constructed dma or coaled v^rilh a hydrophobic nuilerial. 

The objecte of the invention are also solved by a method for forming spun material 
fi»m a first solution comprismg a first step of passing the fLcst solution through one or more 
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first tubular passages, eod a second step of drawing the fitst solutioii down at a distance of at 
least 0^ mm from an outer opening of tihe one oi* more first tubuhr passages to fonn a first 
spun mataial. 

S In one aspect of the inventioii, the method has a ftothcr step of passing a sewnd 
solution thmi^ one or more second tubular passages disposed about the one . or more first 
tubular passages and spinnii^ tbe seoond solution about tiie first spun material to fiom the 
conqwslt© spun maleriaL Preferably the second solution is substantial^ fluid whilst the first 
spun materia is substantially solid. 
10 " 

Disclosure of the InventioQ 

Figure I b a generalised schematic representation of appamms for die formation of 
extruded materials form a spinning solution; 

FigOre 2 is a schanalio cmss-sectional view along the longitudinal axis of a die 
assembly of the apparatus shown in F5gujfte 1 ; 

Figure 3 is a schematic perspective view of the die assembly shown inF]gut« 2; 

Figure 4 is a schematic exploded view lUustrating anodier embodiment of a die 
assembly of apparatus aceorditig to the invention; and 

Figure 5 is a vi^fw showing a number of die assemblies of Figure 4 assembled togedier 
25 ™ a »a»it to enable aptoralit^offihres to be extruded. 

Figure 6 is a view showing two die assemblies concentric to aad» othat 
Figure 7 is a view iUuslnuiz^ tumbling of ro*«hiiped elements in the tubular passage. 
Fi^me 8 is a cross-sectional view of the tubular passage. 
Ofeteif,^ r^**,!*! * on of flic 
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The discovery of the w^y ia vAddx spiders produce dragline sfllc provides ttie basis for 
the ioveniioDL We Imve found 1bat by making the walls of ttie or each tubular passage at least 
paitly permeable or porops^ preftiahly selectivet^ permeable alof% fhe length of ttie tubular 
passage, ^ch is pie&rabty tapped, it h po^ble to control properties sudi as the pH, water 
S cocfteoU ionic composMon and shear t^tne of &e spinmag solution in di^rcixt regions of 
the tubidiar passage of the die. Ideally this enables tiie phase diagram of the q[)mning solution 
to be controlled allowing fox pre-orientadon of (he Xtbte-fonning molecules followed hy a 
shear-ixtduced phase sepaz^adion and allowing Ihe fiHanadon of insoluble fOiiKS con faintng 
well-orientated fibre^ forming molecules. 

10 

Conveniently the walls defining the tubular passage{B) are surrounded by said 
endosure means to provide one or more compartmenls* These conrpartmenis act as jaclcete 
around the tubular passageCs). The or each tubular passage suitably has an inlet at one end to 
receive the spinning sohition and an outlet at the other for the formed or extruded material and 

15 is typically divided mto three parts arranged consecutively, the first part or initial zxmQ 
allowing far the pre-trcalment and pre-orientation of the fibre-fanning polymer molecules in 
the liquid feedstock prior to forming the material by draw down, the second region or 
subsequent zone in which draw down of the „thread'' tstos place aad which functions as a 
treatment and coating bath, and the third part or final part has an outlet or opening of 

20 restricted cross-section which serv« to prevent the loss of the contents of the ^treatment hath** 
with the emeiging fibre and to provide for die cammencemcnt of an optional dii drawing 
stage. 

It will be appreciated that any wlution or solvent or other phase or phases swrownding 
25 the fibre in the second part of fte or eadi tubular passage also serves to lubricate the fitee as it 
moves through and out of the tubular passage. 

All or part of the length of each tubular passage typically has a convergent geometry 
typically with the diameter deoieadng tn a substantially hyp^bolic &5hion« According to G. 
30 Y. Chen, JA. Cuculo and P, A, Tucker in an articlB entitled "Characteristic and Design 
Procedure of IlyperboUo Dies" in fixe Journal of Polymer Sciences: Part B: Polymer Physics, 
Vol 30, SS7-S61 in 1992, it is reported thai the orientation of molecules in a Hhra can be 
inqnoved by using a die with a convergent hypeiboKc geometry tostead of the more usual 
parallel capiUaxy or conical dies* 
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ITie gecfmetiy of substantially all or part of the or each tubular passage may be varied 
to optimise the rate of elongatioiiBl flow in (he spirailng solation (dope) and to vajy the cmss- 
sectional iOiape of the fbnned material produced ftvm it. The preferred stibstantiany 
5 hyperfwlic for part or all of ibe or each tubular passage maintains a alow ajid 
substantially constant elongatioDal flow rate thus preveDtJng unwanted disorientation of the 
fibic-fimning molecules i«sultmg ih>m variation in the elongatipnal flaw rate or fiom 
pnanatuic fi»maU-on of tnsohihle material before the dope has been ^propriately twricntod. 
A coamg^ taper to the tubular passage of the die will induce donsational flow which will 
10 tend to hiduce a substantially axial alignment In the fibie-forming molecules, short fibres or 
filler particles contained in the dope by exploitmg the weU known principle of elongational 
flow. Alternatively, the principle of elongational flow through a divergent bistead of the 
convergent die can be used to induce orientation in the hoop direction that is sobslantiaUy 
transverse to the dhsction of flow through the divergent part of flio die. 

15 

The diameter of the or each tubular passage m^ be varied to produce flhres of the 
desired diameter. 

The Theology of the liquid feedstoclc hi the tubular passage of the die is lai^ely 
independent of scale* thus enabUng the size of the apparatus to be scaled up or dovm. The 
convei[g«5nce of the tubular passage allows a wide range of dxawhig rates to be used tsrpically 
ranging fium 0.01 to 1000 mm sec'. If fibres are being GKtiuded thi^ m^ ^'calfy have a 
diameter of from 0. 1 to 1 00 ^im. Typically the outlei of tie tnbultf passage has a diameter of 
from 1 to 100 tun with the diamidcr of die mlet of the tubukr passage befaig fiom 25 to 150 
limes grijater dependmg on the extenslonal flow it is desitod to iwjdo^ 
altetnative cross^sectional shapes can be used I0 produce fihres. flnt ribbons or sheets of 
extruded materials with other <»oss-secti0nat shapes. 

Att or part or pacts of the waHs of the or each hibuhir passage of the die assembly ate 
constowted fiom orfimned or aaoulded fiom selectively pcnneaWe and/or porous matarial, 
such as cellulose acetate-based iwmbtane sheets. The membrane can be substituted with 
die&yhunmoe&yl or oaifooxyl or carbojcymethyl ji^oiips to help roahHafa protHn-oontaming 
dopes hi a state ^uiiabte spinmng. The men^bmne can be rendoed substantially 
hydrophobic with a siKcamzmg or silanizing sohition or with polyteimfiuoioelhyfene 
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paiticks. Othtt examines of permeable and/or porous material are hollow-fibre mranbianes, 
such as hollow fibres constructed from polysoifone, polyethyleneoxide-polysulfone btends, 
alicone or polyaoyliHiitiile. Tbs exdusloa limit selected for tiie semiperm^hle m^nlHanB 
>viU depend on tlie sizse of the smaU molecular -wei^t con^tuenis of llie dope bat is typcally 
5 lessaian12kDa. 



All or part of the walls of tiie or each tubular passage can be constructed fiom 
selectivdy permeable and/or pcwous material in a numbei of diffcrotf ways. By of. 
example only a selectively penneable and/or porowa shiwrt can be hdd in place over a groove 
1 0 vvith suitable geometry cut into a piece of material to form the tubular passage. Alteniativebr 
two sheets of selective^ permeable and^or porous material can be beld in place on ^Mssx side 
of a separator to ocmstruct &e tubular passage. Alternatively a sbigle sheet can be hem round 
to form a tubular passa^. A hollow tube of selectively permeable and/or porous material oaai 
also be used to construct all or part of the tubular passage. By vrsy of example only, a variety 
IS of methods are avaUable to shape fee tube into a die as is commonly known to a cmflsmsm 
skilled in the art. 

The interior walls may furthermore be substantially smooth or may be provided with 
"ridges" or bumps oa at least part of the wall. The presence of such modificaliom in ihe walls 
20 aids in the draw-down process. 

The use of selectively permeable and/or porous walls of substantially all or part or 
parts of the faibular passage(s) enables the proper control within desired limits of, for example, 
the conoentrttiion of jBbre-formiiig material; solute compositioj^ ionic composition; pH; 

25 dielectric properties; ogmoUc potential and other physico chemical properde."? of the dope 
widiin Ihe tubular passa^ by applying tiie wdl-known ptrincipl es of dialysis, reverse dia1>^S, 
nlttafiluatiaa and preevi^orati^n. Electro-oamosis can also be used to control Ihe composition 
of the dope wiflun tibe tubular passage. K will be appmciatBd that a control mechanism 
tec«aving inputs jreladng to the product betog formed, tbr example the diameter of £he 

30 extruded product and/or the rcMslfflice countered in ihe tubular pass^ such as during 
extrusion thioi^ the ouUet of the tubulmr passage, can be used to control* for example, 
polymer coBcentrntion. solute oonqwsition, ionic cDn^asiiion^ pH, dielectric properties, 
osmotic potaxtial and/or odwr plQrsicocfaemical propertifis of ihe dope within the tabular 
passage. 
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Tie selective permeability anchor pcMosily of the walls of the ox each tubiJar passage 
n.^ also allow for the diffi,^ through the walls of ibrther substances into the tubular 
pas^s) provided that these have a xnolecuhr weight lower thaa the ««:Iusior, linut cd' the 
^lectively penneabfe material ftom which ffie walls of the tubular passage(s> are oouslxucted 
By W of example only the additioiml substances added to the dope in this «am«^ ^ 
mclnde sutfectants; dopants; coating agents; cross-linkiDg agents; haixJener^. and plastidz«s 
Larser «azBd aggregates can be passed Ihiough the walte of the iMhuIar pas^ 

T&tnfirfhnTi Ivalno^ 4nvm«l«.# ^^..^.^.i^.^ i_* 
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Hie compartments surrounding the waUs of the tubular passage or p^as^ may act as 
cmc or «K»c trcatmert zones or fo. conditioning the fibre as it passes t^ 
passage(s). Additional tr«atm«rt can occur afe^r the material has exited d« outh* of the 
tubular passage. 



15 



One or more regions of the or tubular passage may be summnded by one or more 
compartments ananged consecutively so as to act as a jacket or ^ets to hold solution, 
solvent, gas or vapour in contact with the outer surihce of fl» selectively permeable walls of 
file tubular pass^(s). Typically sohition, solvent, gar or vapour is drcdated thioogh the 
20 *^™l»^««°r compartments. The walls of fliecompartmeat or oom^ 

the outer surface of the waU or walls of the trtnibr paasage(s) by melhods that ^ be 
understood by a person skilled in the art n«, e„n^eot or compartments si«ve to omtiol 
the chemical and i%aical conditions within the or each tubular passagp. Tbm the 
compartments surrounding the tubuhr passage(s> serve to define the conect pmcesai^g 
25 «°»ditionswithinihed<^at^yp«^alo«igfl»etubuIarpassa8e(^ 
such as flie tempemtnre; Iq^tosl^e pressm^j ooncentra^^ 

solute; ionic con^sitian: dielectric constant o^nolarity or other ph>.ical or chemicai 
pammeter can be com„,lIed h, difW re^ of the tubular passage as fl« dope moves 
down the length of the die. By way of example only, cotttinuously gmded or stepped changes 
30 M the iHocessiijg environment can be obtamed. 

Convenienily a selectively permeable^mus membrane can be used to treat one side 
of a fonning «an«iaa in a different wio^totheother side. Tlifecanbc used, for example, to 
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cqat the extrusion or remove solvent from it asEymmetrioally in such a vray that the extfuaum 
can be made to curl or IwisL 

AH or part of the draw down process may typically occur withfa) the tubularpasffige of = 
5 the die ralhea- flian at (he outer fece of the die assembly as occuis in existing spinning 
apparatus. The fornier amtngement offers advantage over existing spinning apparatus. The 
distortion of moLecular alignment due to die swdl is avoided. The region of the die assendJly 
after the internal commeoceaient of the draw down taper can be used to ^ply coatings or 
treatments to the extru^on. Further, the last part of the die assembly is water lubricated by fbe 
1 0 solveni-ri<^ phase suxrouoding the extxusloo. 

By way of example onfy the apparatus can be used for fbnning fibres fiom dtspes 
containing solutions of tecombinanl spider silk proteins or analogues or recombinant silk 
wonn silk proteins or analogues or mixtures of such proteins or protein analogues or 

15 i^eneraled silk solution fe>m silkworm silk. When these dopes are used it is nscessaiy to 
sb>re fhfi dope at a pH above a critical vahie to prevent the premature formation of insoluble 
raoteiiBl. It wiU be s^^ciatsd that other constituents may be added to the dope to keep the 
proteins or protein analogues in solution. These constituents may then be removed through the 
semipermeable and/Of porous walls when the dope has reached the appropriaCe portion of the 

20 tubnhir passage in which it is desired to induce the transition fiom Uquid dope to soUd 
product, e.g. Ihread or fibre. The dopes wiihiii the tubular passage can then be brought by 
dialysis against an appropriate acid or base or buffer solution to a pIT value at or close to the 
critical value to induce aggregation or conformation change in one or more of the constituent 
p^ins of the dope. Such a pH change will promote the fonnatdon of an insoluble material. A 

25 volatile base or arid or buflfo can ako he diffused through Ihewalb of Ihfi or ^ 

passage from a vapour phase in the sonouading conqwrtment or jacket to adjust the pH of the 
dope to the desired value. Vspoar phase treatment to adjust the pH can also occur aftw the 
e}diiided.mateiial has left fbe ouOet of the die assembly. 

30 The draw rate and lenglh, wall thidjness, geometry and material composition of the or 

each tubular passage may be varied along its length to provide diflfetent retention thnes and 
treatment conditions to optimise tiie process. 
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Qne or more regions of the waUs definmg the or each tubuter passage caa be «ade 
impenneable by coating ifteir omer or o«t« surfices a suitable material to modify the 
mtemal enWroiunem in a length of the tubular passage asing any coaimg method as ^11 be 
WM<l«5tood by a pereott akflled in the art. 

3 

The hmer surihco of th^ y^is of ibe or eaeh tubular passage can be coaled with 
suitable materiats to leduce the IHciicm beiween the walls of the tubular passage and the dope 
or fih^ Such a coatmg can also be used to induce appiopaate interfecial niolecular alignment 
at the walls of the tubular passage in liquid oiystalHne polymers when these are included in 
10 the dope. 



15 



20 



25 



30 



A lurther embodunent allows for one or more additional components to be fed to the 
start of the . or each tubular passage via concentric openings to allow two or more diSbxctit 
dopes to be co^xlnided ftrough the same tubular passage allowing for the formation of one 

or mom coats or borers to the or fitees. ITds wiU be explained in more 
tefereace to Hg. 6. 

A iiirtha: embodiment utilises a dope prepared ifiom a phase separatfag mixlm« 
containing two or moxe components which, for example, m^ be ditlbrent p^tems. n» 
J«noval or addition of components through the selectively penneable and/or poixias material 
can be used to oonbol the phase separation process to produce droplets of one or more 
components typically with a diameter of 100 to 1000 nm within die bulk phase in flie final 
extrusioa These can be used to enhance the toughness and other mechanical properties ofihe 
eirtrusion. The use «f a convergent or diversent die conveniently induces elongalional flow in 
the dmplets to produce orientated and elongated filler particles or vdds within the bulk phase. 
A convergent die will orientate and elongate sucb droplets in a direction pamUei to tiiat of tite 
formed product whereas a divergent die wiU tend to orientate the drc^lets in hoops tmnsveise 
to the direction of flow of each pardoie within ll« tubufar passage of tbe dq^^ 
anangement caa be used to enhance the proper^ of the fi«med product: Fur^^ 
unde«tood that the selectively pemieaWe andtor porous walls of the or each tubular pass^ 

can be used to difftise in or out chemicals tolnitiate the potymerisation of fiDer^^^ 

The spinning ^jparatns with one or more tubnbr passages smroundcd by a 
compartment or compartment to act as jackets can be constructed Iry «e or two stage 
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moulding or other metfaods known to a person skilled in the art Jt will be apjn'eciated that a 
mouldiiig process can be used to create simple or complex profile for the or each tubular . 
passage and tiie outlet of tlie die assembly. Very small flexible lips can be formed, e.g, 
mouldedt al the outlet to prevent the escape of the contents of the treatment bath aod aet as a 
5 zestriction to enable an optional additional air drawing stage or wet drawing after the rnateial 
has left the outlet of the die assembly should this be requiied The microscopic profQe of the 
iiin^ sm-fece of the lips at the outlet can be used to nK>dify the texbire of the surfaceeoating 
of the extruded msteiial. 

10 By w£Q^ of example only, the jackets and supports for the tubular paiisages can be 

constructed fiom two or more components formed by injertion moulding or constructed in 
other ways as will be undmtood by apenson skilled in Oie arts. It will be acqpreciated that this 
method of construction is modular and that a number of snch modules can be assembled in 
parallel to produce simultaneously a number of fibres or other shaped products. Sheet 

15 ttj^erials can be produced by a row or tows of such modules. Such a modular anang^ent . 
aUows for the use of manifolds to supply dope to the inlet of the tubular passage($) and to 
supply and remove processing solveaots, solutions, gases or vapours to and fix»m the jacket or 
jackets surrounding the Uibular passages. Additional components may be added if deffltcd. 
Potential modificatioi^ to the arrangements siiown will be apparent to persons skilled in {he 

20 arL 

Other methods of constructing spinning apparatus in which the walls of the tubular 
passages are substantially or partiaUy constructed from s^arttxpermeable and/or porous material 
or materials will be known by a person skilled in the art By way of example only these 
25 mclude micro-Tnachining techniques, laser ablation techniques and lithography technique^ hi 
addition it will be appiwiated that walls of the tubulat passages substantially or partially 
constructed from semip^rmeable/porous material can be mcorporated into other types of 
spinning apparatus* such aa electrospixming apparatus. 

30 The or each tubular passage may be made setf-atarting and self-cleaning, it will be 

appieciated that blockage of spirming dies during the commercial production of extruded 
jnateiials is time-consuming and costly. To overcome tins dif5[iculty, the walls of the tubular 
passage may be constructed by two or more jackets atcanged in sequence- The pressure in 
eadb of these jadoets can be varied independently by methods that wiU be understood by a 
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commeniK filming or lo dear a blockage. 

The pressure in the seated compartments smroundlng the tubular passageCa) may be 
oontioJIcd to define ami modify the geom^ of the tuInUar passage 
condition,. Ft win be al«, a^eiated that d^ scmipccmcablc or porous memb«u.e can be 
to introduce agents to help clean blocked dies. Such agents includ. umn^i. ^„ ^ 
solutMaa, including dihite solutions, of alkalis or alkali 

ft mil be ,pp«^ted to . «,„«^cn. « <Iiv«gcn..g««^ ofidlorp«rf*.oc«<* 
m dope „ ™ppH.a ^ ^ ^ „ ^ 
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separaiion vrifein the dope. Hie pfffesenoe of eloxiigated phase separation within the dope. The 
prreseaoce of elongated and well orientated narrow inclusions fbxmed by erfiier a convergent or 
divraqgeEUt tubular passage can be used to confer additional usefid properties to the «truded 
materiai* 

. 5 

The apfmraUwf niy be arranged in siich a way that two tir mom fibres are formed in 
parallel and twisted around each oftet or crm^ied or wound onto a fbnner or coated or left 
uncoated as de^red. The fibres can be drawn through a coating bath and subsequent^ througji 
a convergent die to give rise to a "sea and island" conitrasite matmal as will be understood by 
10 a penson skilled in the art One or more rows of dies or one or jncMne dies whh slit or annular 
opemng can be used to fi>nn sheet mated^^^ 

Be^il Mode fnr Canving o ut the Invention 

15 .Figure 1 shows a schematic apparatus for the ibnnaticm of extruded material^ Irom a 

extrusiou solution such as lyotropic liquid crystalline polymer or other polymeis or polymer 
mixmres. The apparatus comprises a dope rraervoir 1 containing dope 25; a pressure 
regulating valve or piraip means 2 which inaintams a constant output pressure under nonnal 
operating conditions; a connecting pipe 5; and a spinnmg die assembiy 4 comprisii^ at least 
20 one spinning tube or die further described in figums 2 to 5- A take^p drum 5 of any known 
construction draws out and reels up extruded material at a constant tension exiling from the 
outlet of fee die assembly 3* The pressure regulating valve or pump mcons 2 may be any 
device nodcmally producing a constant pressure commonly Icnown to a person skilled in the ait 

25 The anangement shown in Figin» 1 is purely exemplary and additional components to 

the arrangement shown in Figure 1 will be apparent to persons skilled in fiie arL In use dope 
25 is passed fiom the teedstoek reservoir I at a constant low pressure by means of the 
relating valve or pump means 2 via the connecting pipe 3 to the inlet of tiie spinning die 
assembly 4, 



30 



The die assembly 4 is shown in greater detail in Figures 2 and 3 and Comprises a first 
spinning tube or die 8 upstream of a second spinning tube or die 1 2, the dies together defining 
a tubular passage 17 for spinning solution 25 through tliee die assembly 4. The die 12 has an 
intoHlor wall 18 and is divided into en initia] scone 60 and a subsequent 2!:Qne 62. The dies 8 
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and 12 are made of semipermeabie and/or porous material, such ^ cellulose actuate 
membranes or sheets. Other examples of stdtahle semipermeable end/or porous materials sre 
di^thylaminoethyl or carboxyl or carboxymdiiyl groups which help to maintain protein- 
containing dopes in a state suitabJe for spinning. Hollow-fihre merabrarues matejrial, $uch 
5 hollow-fibre membranes being made fitom polysulfone, polythylcncoyide-poiysulfone blends, 
silicone or polyaorylonltrile can also be used. The exclusion limit selected for the 
semipermeable membrane will depend an the size of the ^xiali molecular weight constituents 
of the spinning dope 25 but is typically less than 12 kDa. 

10 The di^ $ i$ h^ld at its upstream end by a tapered adaptor 6 positioned at the 

inlet end of the die assembly 4 and at its downstream end by n. tapered adaptor 7 positioned 
internally in the die assembly 4. The die 8 is held at Its upstream end by the adaptor 7 and. at 
its do^vnstDeam end by a spigot 13 at the omler of the die assembly 4. The die 8 has a 
convergent; preferably hyperboHo, internal passage and tiie geometrical taper is pi^ferably 

15 continued with the internal passage of the die 12. This can be achieved dnmtg construction by 
softening a semipermeable tiibe or die an a warmed suitably tsQKred mandraU or by oHier 
methods as will be appreciated by a craftsman skilled in the art before fitting the ginning 
tube or die into the apparatus. The intemsa passages of the dies 8 and 12 together provide the 
tubular passage 1 7 for sidnning solution trom the inlet to the outlet of the die assembly 4. 

20 

A jacket 9 surrounds ihe die 8 and may contain a fluids e.g. a solvent^ solution^ gas or 
vapour to control the processins condition;^ within the spinning tube or die 8. The jacket 9 is 
fitted with an inlet 10 ond.an outlet 1 1 to control flow of fluid into and out of the jacket A 
fnr&^ jacket 14 suirxmnds the tube or f£e 12 and is fitted with a fluid inlet IS and a fluid 
25 outlet 16 to enable fhiid, e.g. solvent, solution or gas, to be passed into and out of the jacket 
14 in contact vAOi the semipermeable/^rous walls of the die 1 2. 

As an aitemadve to tte die 8 shown havinqs scsnipermeable wdls^ a die 8 may be 
cofnslnxcted fiom matedal which is not semipecmes^ble or porous but which is pselerably 
30 tapered, e.g. conveigmtly, and may be tcmpexature-contcolled by ctcculation fluid at a 
predetermined tempcratnie through the jacket 9, 



In operation spiiming solntioa or dope 25. e.g. a polymer solulion^ is &d to the iidel of 
the die 9, as the dope passes along the tuindar passage 17 it is treated firstly as it passes 
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through the die 8 asxd second^ as it j^isses trou^ fbe die 12. The fliud pasdng thrnugh the 
jacket 9 may merely s^ve to heat or maintain the dope 25 at the correct temperature or 
provide ihe conect external pressute to tte walls of the die S. in Hus case it is not essential for 
the Myalls of (he die lo be made of semipCTieable iPid/or mateiiaL The ted^eratiue of the dies 
5 8 and 12 for the extruslojD of protdn-coiilauung dopes 25 should typically be maintained at a 
temperature of about 20°C but spuming may be carried out at temperatures as low as 2°C and 
aa hlg^ as 40^C. Hie temperature of the dies 8 and 12 fiu- the extrusion of dopes caA more 
generally be as hi^ as lOO^Opfimidii^ that the malenx^ t&mp^:ature. 
The pressure of the fluid, liquid or gas,, in the jaic^ets surrounding the walls of the tabular 

10 passage 17 is typically maintaitied at a pressure close to that at which the dope 25 is supplied 
to the die assembly 4. However Hbe ponessme can be somewhat hij^w or lowar depending on 
the geometty of the die9 and the strength of the genmlly flexible semipeixneable and/or 
porous membrane. '^Chemical*' tie^ment of the dope 25 occurs during "^drow down"? as the 
dope 2S passes throu^ ifae die 12 aldnoagh chemical treatment may also occur as the elope 25 

15 passes Ihxaugh the die 8 if the walls of the latter are:at irast partly made of semipermeable 
materia In Figures 2 and 3, (he abn^Tt pulling away of the dope 25 from the walls of the die 
12 at 12A Indicates ttie internal draw down:of the *^fibie". This occurs at the boundary of the 
initial zone 60 and the subsequrat zone 62. This is a feature of the inventloni as draw down hi 
existing processes always start at the outer tOpemng 13 of a die (Le, the extrusion orifice) and 

20 not before. The pulling awgy of the "fibre" from the die walls at i2A occurs at a place in the 
mbular die 12 where the force required to produce extcnsional flow to create a new ^ut£^ 
just fells below the force required to flow the dope throu^ the die 12 in contact with the die 
walls. This is fts position at which the surfece energy of the interior wall 18 becomes lower 
than the sur&ce energy of the dope 25, The position of 12A wilt depend on: the changing 

25 rheological properties of the dope; the rate and force of drawing; the surfiice properties of tiie 
die 12; the sur&ce propfsnlies of the lining of the die I2; and the propertiBs of the dope and the 
aqueous phase surrounding the dope. The position of 12A should be at least 0.5 mm. Sxym the 
outer opening or spigot 13. 

30 In one embodiment of the invention, a sur&ce 66 of the interior waH IS of the die 12 

15? provided with ridges 68 to facilitate the draw down of the fibre at position 12A. This is 
shown hi Figure 7 and %. These ridges 68 have a height of typically less than 10%-'of the 
diameter of the die 12. Typically the diaxmetBr of the die 12 at Ibis position 19 20 ^m and the 
ridges 68 are 0«5 pxa hi^. The ridges 6S could be between 100 run and 20 |xin high* It is 
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Relieved that draw-dowi of the fibre occurs because In the die 8 and the initial zone 60 of the 
die 12, rod-rfiaped units 64 in the dope 25 at© raangsd substantially p^endiculHr io the 



interior wall I At position 12A> Ihese rod-shaped units start to "tumble" within the dope 25 
jand thus increase the %dscosi^y and decnase the surfeifce energy of ttie dope 25. This tuxabiing 
5 is aided by the presence of the ridges 68 on the intedor wall 18. 

It be appEneciated that the tetmpetature, pH, osmotic potential^ colloid osmotic 
potential^ solute composition:, ionic composidoma h^rdioskitic pressuic or otber physical or 
chemical &ctors of the solution, solvent gas or vapour suppUed to the j»cket(s} control or . . 
10 regulate the conditions inside the tubular passage 17 as is commonly unckistood by a 
crafisman skilled in the art Cbemicals in the fluid supplied to the jacket(s) 9 are able to pass 
thiough the semipenneahle and /or porous walls of the tubulfflf jMisi^e 17 to ^"treati^ the dope 
25 passing therethrou^. It is also possible for chemicals in the dope 25 to pass ontwaidly 
Ifan^u^ the semipem^ahle and/or poxctas avails of the tubular pas^e 17. The fhnds supplied 
IS to the dop^ 17 vAU obviously dq[)end on the type of dope 25 used and the semipeimealde 
and/or parous memtouoes used. Howver* hy ymy M exaaqde onfy, for the sgrinlruDs of 
ccmcra^rated spidtf major ampullafe ^and proteui solutions, the jacket 9 may con^n 100 
mM Tfis or PIPES buffer solution, ^icalty at a pH of 7A and 400 mM 
help maintaui the folded state (£f the protehi. Tike jacket 14 may contaiA 100 mM ammonium 
20 aceiate bufiler solution s( al lower pH, t^ically <5A ^^nd 250 mM potassium chkuide to 
encoune^ the unfolding /refolding of the protein. High molecular wdght polyethylene glycol 
can.be added to the solution in bo&. jack^ to maintain or reduce the conoentEStion of water 
ntih6dDpe2S. 

25 It will be realised that the spinnix^ tube or die 12 can be hanked or coiled or ananged 

in cAner vmys hetwem the ijqisred collar 7 and the spigot 13. The dkmeter and cxoss-secttonal 
ahape or the exit 13 can be vaded or adjusted to suit the diameter md cross sectional shape of 
Ihe formed matxsdsL For a formed pwdM/t having a chcular cross^ctional^ the typical 
diameter of Ibe oudet is fiom 1 to 100 pm and the typical diameter of the inlet to the tubular 

30 passage 17 would be fiom 25 to 150 tunes gitesiiet than the outlet diameter depending on the 
extent of the extensjonal flow^ Tt will be appreciated that the an^ngements and prt^portions 
shown in Figure 2 are purely exemp^ry and thus that additionally components may be added 
if desired. Potential modiflcatians lo Ihe arrangements shown in FiguKi 2 will be apparent to 
persona skilled in the art 
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Figure 4 shows a module containing three spinning tubes or dies 12 mounlj&d widiin a 
housing denying three ^ackete" 14, liie same numbering being used as in the previous 
embodimeslKs to identify the same or similar paits. The arran^eanenls and proportionS''shown 
5 in FigDie 2 are purefy €»:omplaiy and thus additional oo3I^xmfi^ts may be added if desiied. 
Potential modifications to the axrang^ents shovm in Figure 4 will be appar^ to perscms 
skilled in tibe art» Including the provision of fewer or mum dies 12 or jackets 14. 

Figure 5 shows how two or more modular umts constructed from the ajiparatus shown 
10 in Figore 4 can be held together to enable a phixality of extraded fibres to be produced. It will 
be appreciated tiiat Ihe arrangements and proportions shown in Figure 5 are purely exemplary 
and thus additional components may be added if desired. Potential modiflcalions to the 
arrangemeiTTte sbnwn in Figune S will he apparent to persons ddlled hi the art 

IS The penneabiliiy or porosity of the walls of the tubular passe^e msy be tibe ^sam 

throughout the leng& of 4e lattra:. Ahemativcly, however, if Ae tubular passage 17 .passes 
through more than one treaixnent zone the pmneability/porosity of the waHs c^" the . tubular 
passage may cshange fiom treatment zone to treatment zxme hy using different seniipenne^le - 
or pomus materials for the walls of the tubular passage. Thus the walls of the tubular passage . 
20 1 7 may comprise: semiperaieable material of the same permeabilily throughout the length of 
the tubular passage; semipermeable material of difSEcrent peonmeaJbiHty ftir dlfifereat portions of . 
the tubular passage; porous material of the same porosity throughout the length of the tubular 
passage 17; porous material of different porosity for different portions of the passage; or : 
semipermeable material ibr one or more portions of the length of the tubular passage and 
25 porous material for one or more other portions of flhe tubular passage. As mentioned above, 
some portions of the walls of the tubular passige may be non-permeable. By way of exan^le 
only, suitable semipermeable materials are: cellulose derivatf ves> expanded PTFIi, 
polysulfone, polyethylenoxide-polysulfone. blends, and silicone polyacrylonitrile blends* By - 
way of example only, the suitable porous materials are: polyacrylate, poly Olactide-oo- 
30 glycolideV. porous PTFE« porous silicon^ porous polyethylene^ cellulose dcnvatives and 
chitosan. 

Figure 6 shows a further embodiment of the invention in which a coating dope or 
material 27 is in a second tubular passage SO^ The second tubular passage 50 is substantially 
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concentric vwiS^feb first tubular passage 17. Tiie first tubular passage 17 has an inner opeimig 
54 dispps«Ji wiWir tKe seomid tubular passi^ 50. In Ihis embodiment of the mention, tbe 
dope 25 fonns a MIC niaierial for a fihie or fUament The ctiie M 

<he tecbmques described abwe. Subsequent to the dmw-down of fte core of flie iibre at 
position 12A, flie coating material 27 of ihe 1!bre is drawdown at a position 52 over tbe core : 
of the Rb« to form composite spun material 31. Construction of tlie second tubular passage 
SO is :dmilarlo Oiat of the flntt tubular pas^^ 17. 

It win be (appreciated that the appaiatus is suitabte for liie infoimation of fibres of 
shfif^ts ftom"iar solutions of fyotroiric iiqirid crystal polymers whcAia- synthetic or man-made 
or natural or modified or copolymer mixtures or solutions of recombinant proteins or 
analogues derived fiom tfaem or mbctures of these. % way of example only these incbide 
coUagens; ceitain cellulose derivatives; spidroms; fibroins; xwombiW protein analogues 
based on spidroins, or f?bronis, and poly (p-phenylene terephtfialaes). The melfaod is also 
suitable for use vridi other polymers or polymer mixtures provided that they are dissolved m 
solvents, whetho' aqueous or nott^queous. protein solutions, cellulose or chitin solutions. It 
wiO also be appreciated that 4e use of one or more semipeaaneable and/or porous treatment 
23Dnes can be used for dies or die assemblies having essentially amudar or elongated slit 
openings used foz the fonuation of shee4 materiials. 
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CLAIMS 

1 . Extrusiafi appaiatas comprising: 

5 . " 

at ieast one first tubular passs^ (17), through which a core matecia] (25) is extrudable, 
and having a first exit opening (13)^ wherein in operatioii the core material (25) is 
draw down at a first distancse at least 0.5 mm from the outer exit opMiing (1 5) within 
the at least one first tubular passage (17). 

10 

2, Extrusion q)paratus accocding to claim 1 further comprising: 

at least one seocoid tubular passage (50), through vAich a coating material (27) is 
extriidable, being disposed about Ihe at lease one first tubulax passage (17) and having 
an uiner opening (52). whecein the inner qpening (52) is within the second tubnlar 
15 passage (50), 



3. lixtrudon apparatus acooiding to claim 2^ wherein die inner opening (52) is 
substantially annular, 

20 4. Extrusion apparatus according to one of claims 2 or 3, wherein the opexadon the 
coating msOsnBi (27) is drawn down within the second tabular passages (50). 

5. Extrusion apparatus accordiog to claun 4, wherein the coating material (27) and Ac 
core material (25) are drawn down at substantiaUy the same distance from the outer 

25 exit opening ( 13). 

6. Extnision cqpparatus accoidii^ to claim 4, wherein the costmg mal^iM ^7) is draw 
down at a second distance (52) from the outer exit opening (13) within the second. 

30 7- Extrusion apparutus according to any on© of fte above claims wherein a component of 
the core material (25) or tiie coating material C27) in an initial zone (60) of the first 
tubular passage (17) or the second tubular passage (50) forms rod-shaped units tfiat are 
substantially perpendicular to the interaal sniiace of the first tubular passage (1 7) or 
the second tubulat passage (50). 



10. 
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S. Extnjsdott appsratus accorditig to aiQ^ oxie of Ihe above claims 'wherein a component of 
the core mateodal (25) in a subsequent zone (62) of tbe fitst tubular passag^^ (1 7) or Ibe 
$econd tubular passage (50) hds rod-shaped uniis ($4) which tumble wiiiim the first 
tubular passage (1 7) and/or the seccmd lubular passage (50). 

9^ Extrusion apparatus according to any one of th(? above claims ftulier comprising a 
ridged surface (66) on an interior wall of (he first tubular passage (17) mid/or the 
second tubular passage (SO). 

10. Hxtruskm apparatus accordLag to daim 9 wherein the height of the ridges (60) on the 
lidge-shaped surface coating (66) are less than 10% than the diameter of first tubular 
passage (1 7) and/or the second tubular passage (SO). 

IS 11. Extrusion apparatus according to one of claim 9 or claim 10 wherein the ndged 
sur&ce (66) ha<; a surface energy lower than the surface eaedrgy of the core material 
(25). 

1Z Extrusion ^)paratus according to one of claim 9 to 1 1 wherein a substantial part the 
20 dtavm down occui:s substantially adjacent to a commencement of the ridged sur&ce 

(66), 

13 EKtirusion apparatus acceding to one any cme of the above claims wherein the core 
material (25) is a liquid cscystalline polymer^ 



25 



30 



14. Extrusion apparatus acccmfing to any one of the above claims wterem die coating 
material (27) is a liquid crystalline material, 

15. Method fbr fimning spun mafterial fi»m a first soludon (25) comprisfaig: 

a first step of passing the first solution (25) through CHie or mose first tubular passages 
. (17); and 
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) ~ -21- 

a secxjnd of drawing the first solution (25) dcrwn at a distance of at least 03 mm 

from an outer opening (13) of the one or more firsl tubular p^is^ages (1 7) to form a 

first spun mat<sriaL (29). 

5 16- Method accordmg to claim 15 fiifther comprising a third step of passing a second 
solution trough one or more second tubular pas8£%es (50) disposed about the one or 
ztiore first tubular passages (17) and spinning the second solution (27) about the fiitst 
spun material (29) to fimn a composite spun material (3lX 
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17. 



Extrusion apparatus substantially as heidnbefoie described widi reference to» and/or 
CIS iUus&atedi by. Figure 1 or Figure 2 or Figure 3 or Figure 4 or Figure Sor Figure 6 or 
Figure 7 or Figure 8^ of the adwrnpanying drawings. 
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ABSTRACT 

APPARATUS A>ro MBTIT OP FOR FORMING MATERIALS 

5 

The inventioa is an extrusion apfprnstus and a method for extruding fibres. The extrusion 
^q>afatus ha$ a first tubuJar passage (17) throu]^ which a core inaterial (25) is extendable. 
Hie tubular passage (17) has a ftm exh ripening (13). In opeiatian^ the core material (25) is 
drawn do?wn at a fiist distance at leart OJ mm fiom the outer Bxltopening (1 3) within the first 
tubular passage (17). In another embodunrait of the invention, the extrusion cjiFpaisabis is 
pR>\id^ wifh a second tubular passage (50) fhrou^ which a coating material (27) is 
esstrudable. The second tiAular passage is disposed about the first tubular passage (17) and 
has an hmer opening (52). The inner openmg (52) b wifiiin the second tubular passage (50) 
and, hi op^ation, coalfaig material (27) is drawn down wiflim the second tutndar passa^ (50), 



]() 
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FIG, 5 
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